Background: Pro-gastrin releasing peptide (ProGRP) concentrations in blood play an important role in the diagnosis and treatment of patients with small cell lung cancer (SCLC). The automated quantitative ARCHITECT ᮋ ProGRP assay was developed to aid in the differential diagnosis and in the management of SCLC. The purpose of this study was to evaluate the analytical performance of this chemiluminescent microparticle immunoassay at multiple sites. Methods: ARCHITECT ProGRP measures ProGRP using a two-step sandwich using monoclonal antiProGRP antibodies coated on paramagnetic microparticles and labeled with acridinium. Analytical performance of the assay was evaluated at four sites: Abbott Japan, Denka Seiken, the Johns Hopkins University, and the University of Munich. Results: Total precision (%CV) for nine analyte concentrations was between 2.2 and 5.7. The analytical sensitivity of the assay was between 0.20 pg/mL and 0.88 pg/mL. The functional sensitivity at 20% CV was between 0.66 pg/mL and 1.73 pg/mL. The assay was linear up to 50,000 pg/mL using a 1:10 autodilution protocol. The calibration curve was stable for 30 days. Comparison with the Fujirebio microtiter plate
Introduction
Pro-gastrin releasing peptide (ProGRP) is a tumor marker for small cell lung cancer (SCLC). ProGRP is used to aid in the diagnosis and monitoring of SCLC. Gastrin releasing peptide (GRP) is a gut hormone and is widely distributed in the mammalian gastrointestinal tract, nervous system and pulmonary tract (1) (2) (3) (4) . It was reported that GRP was often produced by SCLC cells, and therefore could be helpful in the diagnosis of SCLC (5, 6) . However, GRP was not useful for diagnosis due to poor stability in specimens. Three types of human ProGRP were found in SCLC cells, with 115, 118, and 125 amino acids (7) . ProGRP consists of GRP (residues 1-27), a cleavage site (residues 28-30), a constant region (residues 31-98) in the three types of ProGRP, and a variable carboxy-terminal region that results from alternative RNA splicing (7, 8) .
In 1994, an assay to detect ProGRP (residues 31-98) in serum was developed because the molecule was more stable than GRP for clinical use, and increases in ProGRP were associated with the presence of SCLC (9) (10) (11) . The clinical usefulness of ProGRP 31-98 measurements has been reported for diagnosis (9, (11) (12) (13) , prediction of prognosis (14) , and monitoring of treatment in patients with SCLC (11, (15) (16) (17) . Neuronspecific enolase (NSE) has been also used as a tumor marker for SCLC. However, compared to NSE, Pro-GRP has relatively high sensitivity and specificity, and allows early recognition of relapse in patients with SCLC (11, 18, 19) . Also, it was reported that a combination of ProGRP and NSE gave increased sensitivity for detection of SCLC (12, 19) . The ProGRP immunoassay was originally developed as a manual enzyme-linked immunosorbent assay format using polyclonal and monoclonal antibodies (10, 11) . The assay has been used in the clinical laboratories in Japan for more than 10 years. However, it has not been used outside of Japan except for research use. For worldwide clinical use, the following two improvements would be required: development of an assay for widely used fully-automated immunoassay analyzers, and use of monoclonal antibodies for both solid phase and labeled antibodies to assure long-term reagent reliability.
We describe the development of a fully automated and highly sensitive immunoassay for the Abbott ARCHITECT ᮋ ProGRP (Abbott Japan, Tokyo, Japan). We used a double monoclonal antibody assay configuration for both solid phase and labeled antibody, with chemiluminescense paramagnetic technology. We describe the analytical performance of this assay as evaluated at four sites in the US, Germany and Japan.
Materials and methods
The ARCHITECT ProGRP assay is a two-step, sandwich format. Analyte capture is performed with paramagnetic microparticles coated with two mouse monoclonal anti-ProGRP 31-98 antibodies: 3G2 (amino acids of ProGRP 84-88) and 2B10 (amino acids of 71-75) (20) , which can capture the C-terminal side of ProGRP 31-98. Detection of the ProGRP analyte microparticle complex is accomplished with an acridinium labeled mouse monoclonal antibody conjugate. The mouse monoclonal antibody 3D6-2 (20) can capture the Nterminal side of the protein (amino acids of ProGRP 40-60). The antibody profile of the assay is shown in Figure 1 . Exposing the reaction mixture to on-board trigger reagents containing peroxide at alkaline pH causes light production that is proportional to the ProGRP concentration. The ARCHI-TECT ProGRP assay calibrators range from 0 pg/mL to 5000 pg/mL (0, 20, 80, 320, 1250, and 5000 pg/mL). A 1:10 autodilution is used to extend the measurable range to 50,000 pg/mL. ARCHITECT ProGRP control concentrations are 40, 160, and 2500 pg/mL. To minimize the risk of interference from human-anti-mouse antibodies, heterophile antibodies, and rheumatoid factor, blocking agents and murine mAbs of different isotypes are used in the assay. In addition, the F(ab')2 portion of the antibody, with the Fc portion eliminated by pepsin digestion, was used to produce the conjugate. The assay is fully automated and measurement is completed within 30 min with a throughput of 200 tests/h.
ARCHITECT ProGRP assay protocol
The following procedures are performed automatically in the ARCHITECT instrument: 1) 50 mL of specimen, 50 mL of microparticle solution, and 20 mL of assay buffer are mixed and incubated for 18 min at 378C. 2) After a wash step, 50 mL of solution containing the labeled antibody is mixed and incubated for 4 min at 378C. 3) After another wash step, the trigger reagent is added and the luminescent signal is read using a photomultiplier tube. For a 1:10 autodilution, wash buffer on the instrument is used to dilute the sample.
ProGRP antigen and concentration assignment
Synthetic ProGRP (residues 31-98) peptide (1 pg/mL equals 0.13 pM of ProGRP 31-98) was used for the antigen of the ARCHITECT calibrator and control reagents (BACHEM Bioscience Inc, Horizon Drive, King of Prussia, PA, USA). Since there is no International Standard for ProGRP, the ARCHITECT ProGRP assay was standardized to match to the original standard (9) by comparison to the Seramurabo ProGRP assay kit originally developed by Yamaguchi and co-workers (9-11).
ProGRP monoclonal antibodies
Hybridomas of the murine anti-ProGRP 31-98 monoclonal antibodies 3G2, 2B10, and 3D6-2 were provided by Advanced Life Science Institute, Inc (ALSI; Wako, Japan). The hybridomas were cultured in serum free media and antibodies were purified with a protein A column from the supernatants at Abbott Laboratories (Lake County, IL, USA).
Magnetic microparticles
Murine anti-ProGRP 31-98 antibodies of 3G2 and 2B10 were coated on to the carboxylated magnetic microparticle (Polymer Laboratories, Shropshire, UK) surface with N-Ethyl-N'-(3-Dimethylaminopropyl)carbodiimide (Sigma-Aldrich, St. Louis, MO, USA) as a coupling substance. The coating with two antibodies increased analytical sensitivity of the assay ;10 fold when compared to use of a single monoclonal antibody. ND, not determined.
Specimens
apparently healthy individuals were obtained from ProMeDx, LLC. These specimens were stored frozen at -208C or colder until use. The specimens were collected under an institutional review board approved protocol.
Evaluation methods
Precision was evaluated using serum and plasma specimens spiked with synthetic ProGRP 31-98 antigen and the ARCHI-TECT ProGRP controls. These were measured in duplicate, two times per day for 20 days in accordance with the Clinical and Laboratory Standards Institute (CLSI, protocol EP5-A2).
A high plasma specimen spiked with synthetic ProGRP 31-98 antigen at ;30,000 pg/mL level was tested using the 1:10 autodilution protocol. Dilution linearity studies were conducted with native high titer serum specimens (614 pg/mL and 3337 pg/mL) and with serum (276-4676 pg/mL) and plasma (226-4931 pg/mL) specimens spiked with synthetic ProGRP 31-98 antigen. Specimens were serially diluted in 10% increments with the ARCHITECT A calibrator (0 pg/mL ProGRP). Regression analyses of the observed diluted concentrations were compared to target values based on the corresponding concentration of the undiluted specimen.
We evaluated manual vs. automated dilutions by calculating the % difference of a instrument-diluted specimen (1:10 on the ARCHITECT system) compared with a manually diluted specimens. Specimens containing more than 5000 pg/mL of ProGRP (three of native high titer SCLC sera, four of serum and seven plasma specimens spiked with ProGRP 31-98) were evaluated.
Within-assay specimen carryover was tested by alternating a low serum specimen (;10 pg/mL ProGRP) with a high serum specimen (;110,000 pg/mL) spiked with ProGRP 31-98, and repeated 10 times. The % carryover was determined by calculating the % difference in value of the low specimen run immediately after the high specimen.
The absence of a high-dose hook effect was confirmed by testing specimens beyond the dynamic range of the assay (5000 pg/mL) up to 100,000 pg/mL to determine whether signal suppression occurs at analyte levels exceeding the concentration levels of the assay calibration.
Analytical sensitivity was determined with five runs of ten replicates of the A calibrator (0 pg/mL) and four replicates of B calibrator (20 pg/mL). The following calculation was used: analytical sensitivitysstandard deviation (SD) A calibrator= 2=w20 pg/mL B calibrator level/(B calibrator average relative light unit (RLU) -A calibrator average RLU)x.
The functional sensitivity was evaluated using a set of dilution panels made by diluting a normal specimen with the A calibrator. The panel members were tested in replicates of 10 for 5 days. The ProGRP concentration that showed 20% CV with linear least square regression plotted between total precision (%CV) and (1/ProGRP concentration) was defined as the functional sensitivity.
Recovery was evaluated by spiking ProGRP from a hightiter serum from a patient with SCLC into matched serum, ethylenediaminetetraacetic acid (EDTA) plasma and heparin plasma samples. The ProGRP values were measured with the ARCHITECT ProGRP assay. Percent recovery was calculated using the following formula: (% recovery)sw(observed concentration of sample spiked ProGRP serum)-(concentration of the unspiked sample)x/(ProGRP concentration added). Note that calibrator buffer was added to the unspiked sample to maintain the same volume as the spiked sample.
Reagent on-board stability studies were conducted using serum and plasma specimens spiked with synthetic ProGRP 31-98 antigen and the ARCHITECT ProGRP controls. A cali- bration curve was established at the initiation of the 31 days study and used to generate concentrations for each samples with reagents stored at 2-88C off the instrument (Control), and stored at 2-88C on-board the instrument for the duration of the study (Test). Baseline was calculated as the mean of the first five timepoints with the control reagent. Specimen and control concentrations were evaluated for trending over time in control and test reagents using Westgard rules (21). Calibration curve storage was calculated using data generated from the control reagents tested for on-board stability. The percent change in RLUs and concentrations for specimens tested on day 31 were compared to the RLUs and concentrations from the calibration performed at the initiation of the study.
Assay interferences were evaluated using chemotherapeutic drugs at two times their peak blood level, with common interfering substances and GRP, as shown in Table 4 . Though amino acid sequence between GRP and ProGRP 31-98 is completely different, interference of large amounts of GRP was evaluated to confirm that there was no cross reactivity to GRP. Each drug or potentially interfering substance was tested in three normal serum specimens and three normal plasma specimens spiked with 50 or 150 pg/mL of ProGRP from a high-titer specimen. Ten replicates were tested on the ARCHITECT ProGRP assay for each of the test and control specimens.
Correlation between the microtiter plate enzyme immunoassay of the Seramurabo ProGRP assay from Fuji-rebio (Tokyo, Japan) and the ARCHITECT ProGRP was evaluated using 64 SCLC and 192 normal specimens. The first ProGRP assay was co-developed by the National Cancer Center (Tokyo, Japan), Terumo Corp. (Kanagawa, Japan), and Tonen Corp. (Saitama, Japan; 9, 10, 11, 13). The kit was approved for use in Japan as a diagnostic product and is now provided by Fuji-rebio. Also, the kit is available in Europe and the US as a research use only product provided by ALSI.
Evaluation sites
Evaluation was performed at four sites: (1) Abbott Japan (Matsudo-city, Chiba, Japan), (2) Denka Seiken (Gosencity, Niigata, Japan), (3) The Johns Hopkins University (Baltimore, Maryland, USA) and (4) University of Munich (Munich, Germany).
Results
Total precision for the ARCHITECT ProGRP assay evaluated over 20 days at four sites with three lots of reagents on four instruments, and using nine specimens ranging from 40 to 3729 pg/mL is shown in Table 1 . The total precision ranged from 2.2% to 5.7% CV for serum and plasma. The total precision for the automated dilution evaluated at one site with three lots of reagents on two instruments ranged from 3.7% to 5.1% CV using specimens spiked to contain 28,972 pg/mL ProGRP. The average 1:10 autodilution protocol results were -5.8% and -7.6% of the manually diluted results with six sera and seven plasma specimens, respectively, using native and spiked specimens contained between 6220 and 40,491 pg/mL of ProGRP. Dilution linearity studies using specimens with concentrations ranging from 25.8 to 4931 pg/mL showed correlation coefficients ranging from 0.9964 to 0.9994. Mean recoveries of diluted samples ranged from 93% to 107% (average 103%) in six spiked serum specimens, and 98% to 111% (average 102%) in six spiked plasma specimens. Mean recoveries of two SCLC sera were 102% and 104%. Dilutions were linear throughout the calibration curve range down to the lowest calibrator. The ARCHITECT ProGRP assay dilutes linearly with a mean recovery 2.6% from the target.
The mean within-assay specimen carryover evaluated with two instruments was 2.1 pg/mL (19 ppm) after a specimen with 110,000 pg/mL. Assessment of high dose hook effect showed that all five specimens with ProGRP )5000 pg/mL yielded test results )5000 pg/mL. No signal suppression or high dose hook effect was observed up to 100,000 pg/mL.
Analytical sensitivity and the functional sensitivity evaluated at two sites with three lots of reagents on three instruments are shown in Table 2A and B. The average analytical sensitivity was 0.39 pg/mL and ranged from 0.20 to 0.88 pg/mL. The average functional sensitivity at a 20% CV was 1.13 pg/mL and ranged from 0.66 to 1.73 pg/mL.
The calculated recovery in the ARCHITECT ProGRP assay after spiking a high-titer ProGRP specimen into matched serum, EDTA plasma, and heparin plasma specimens is shown in Table 3 . The average percent recovery was 92.8%, 93.9%, and 97.8% with serum, EDTA plasma, and heparin plasma, respectively. Reagent on-board stability studies were conducted at two sites with three lots of reagents using two instruments and nine specimens with low, medium, and high concentrations of spiked serum and plasma, and ARCHITECT controls. Results showed no significant changes from study baseline up to 30 days using Westgard rules. Two examples of the results are illustrated in Figure 2A and B.
The effects of potential interfering substances and drugs are presented in Table 4 . Chemotherapeutic agents at twice their peak blood levels had interferences of -0.8% to q2.1%. Increased bilirubin, total protein, triglycerides, red blood cells and hemoglobin, and low total protein showed interference effects from -6.0% to q4.9%.
Correlation between the first commercial ProGRP assay, Seramurabo ProGRP, and the ARCHITECT ProGRP is presented in Figure 3 . The slope, calculated using the Passing-Bablok regression method was 0.93 with a correlation coefficient of rs0.99.
Discussion
ProGRP is used as a marker for the differential diagnosis and monitoring of SCLC. It is important to distinguish between SCLC and non-SCLC due to differences in prognosis and treatment. SCLC accounts for 15%-25% of new cases of lung cancer, is an aggressive and rapidly growing neoplasm that tends to be disseminated at early stage of the disease. However, this cancer is highly sensitive to systemic chemotherapy. ProGRP was developed as a tumor marker in 1994 for patients with SCLC (9). It has been clinically used as a tumor marker in Japan since 1996 for aid in the diagnosis, monitoring of treatment, and early detection of relapse. However, it has been available as a research-use only manual assay outside of Japan. This tumor marker plays a very important role in the management of this cancer. The development of this fully automated immunoassay using monoclonal antibodies can support the global use of ProGRP for management of SCLC.
The multi-site evaluation studies for the ARCHITECT ProGRP assay reported here demonstrated good analytical precision, accuracy and sensitivity. The assay has a range, with the 1:10 autodilution, of 50,000 pg/mL, with no hook effect observed at 100,000 pg/mL. The reagents and calibration curve were stable onboard the instrument for 30 days. The assay demonstrated robustness to potential interfering substances including chemotherapeutic drugs and a variety of compounds commonly assessed for interference in immunoassays. The assay correlated well to the existing manual ProGRP assay.
The ARCHITECT ProGRP assay was designed to be used with plasma as well as serum samples. The assay demonstrates good recovery, dilution linearity and precision with plasma. The ability to test plasma ProGRP is important based on the recent observations demonstrating improved specimen stability for plasma ProGRP when compared to serum ProGRP (22) .
In conclusion, the ARCHITECT ProGRP assay demonstrated convenient, high throughput and good analytical performance necessary for ProGRP measurements used to aid in the differential diagnosis and monitoring of SCLC. This assay provides a convenient automated method for measurement of ProGRP in serum and plasma in hospitals and clinical laboratories. Additional clinical studies in Europe and Japan using the ARCHITECT ProGRP are currently underway to better define its use for the management of patients with SCLC.
